Background--The presence and implications of abnormal arterial stiffness, a potential independent predictor of outcomes, in community-dwelling treated hypertensives is unknown. Furthermore, limited data exist regarding the risk of cardiovascular disease (CVD) associated with arterial stiffness across the entire range of blood pressure.
H ypertension remains a major challenge for clinicians and a public health problem because of its high prevalence, poor control rates, and major impact on the global burden of disease. 1, 2 Arterial stiffening is one of the hallmarks of aging-related hypertension, and it is strongly associated with increases in pulse pressure and systolic blood pressure in both cross-sectional and longitudinal settings. [3] [4] [5] However, arterial stiffness, most commonly measured by carotid-femoral pulse wave velocity (PWV), is not only a correlate of blood pressure but it is also an independent predictor of cardiovascular death, myocardial infarction, and stroke. [6] [7] [8] [9] These relations are consistent in both men and women, the middle-aged and the old, and between countries. 10 Although the adverse effects of arterial stiffening have been robustly proven, there are still major gaps in our understanding of the risks associated with arterial stiffening in certain situations. First, a significant proportion of the previous studies that have examined the association between arterial stiffness and outcomes have been performed in cohorts consisting of elderly participants or patients with hypertension or kidney disease instead of in population-based cohorts. 10, 11 Limited data, therefore, exist regarding the absolute and relative risks of cardiovascular disease (CVD) and hypertensive target-organ damage associated with increased arterial stiffness across the whole spectrum of blood pressure including levels considered normal. Additionally, it is unclear whether hypertension status itself modifies the relationship between arterial stiffness and CVD outcomes. Second, treated hypertension is associated with considerable residual risk as even optimally treated and controlled patients have a 50% higher CVD risk than normotensive individuals without prior high blood pressure. 12 Residual arterial stiffness could play an important role in the residual risk in treated hypertension because the absence of a parallel PWV decrease along with treatment-induced blood pressure decreases has been associated with adverse CVD outcomes. 13 However, it is unknown to what extent arterial stiffness remains high in community-dwelling patients with treated hypertension.
We assessed the proportion of treated hypertensives with high arterial stiffness despite antihypertensive treatment to clarify the extent of residual arterial stiffness in the community. In addition, to elucidate whether measurement of PWV can be used for CVD risk assessment across the blood pressure distribution, we studied whether the high PWV is associated with increased risk of CVD and presence of left ventricular hypertrophy (LVH) in both normo-and hypertension.
Methods Participants
We included participants who attended the seventh examination cycle of the Framingham Offspring cohort (n=3539; 1998-2001) in the present investigation. The characteristics and study protocol for the Framingham offspring cohort have been previously published in detail.
14 Tonometry measurements were implemented in 2660 participants during the seventh examination cycle beginning in February 1999 as described previously. 15, 16 Participants who had incomplete tonometry data (n=359) or prevalent CVD (n=174) were excluded from the present analysis. Measurements for echocardiographic and electrocardiographic LVH were made during the previous, sixth examination cycle (1995) (1996) (1997) (1998) . A subpopulation of 1583 participants with echocardiography and ECG data available from examination cycle 6 was used for analyses concerning LVH. All study protocols were approved by Boston University Medical Center's Institutional Review Board, and participants provided written informed consent.
Clinical Evaluation and Definitions
All participants provided a medical history and underwent a physical examination and laboratory assessment of CVD risk factors. 14 We assessed the participants for self-reported cigarette smoking and diabetes mellitus (fasting glucose level of ≥126 mg/dL or the use of hypoglycemic medications). In addition, we measured blood pressure (mean of 2 auscultatory values obtained by a physician using a mercury column sphygmomanometer on the left arm of seated participants using a standardized protocol), body mass index, serum total cholesterol levels, and high-density lipoprotein cholesterol concentrations. We derived heart rate from a standard 10-s ECG recording.
Carotid-Femoral PWV
We evaluated arterial stiffness with carotid-femoral PWV. 17 PWV is inversely related to vascular compliance, and, therefore, a stiffer vessel will conduct the pulse wave faster than a more elastic vessel. Arterial tonometry measures were acquired as previously described after more than 5 minutes of rest in the supine position. 15, 16 All recordings were performed on the right side of the body. Arterial tonometry with a simultaneously acquired ECG was obtained for the femoral and carotid arteries. Carotid-femoral transit distance was estimated by measuring the body surface distance from the suprasternal notch to the carotid and femoral sites and taking the difference to account for parallel transmission along the brachiocephalic and carotid arteries and around the aortic arch. This corrected distance was divided by the carotidfemoral transit time delay to give PWV.
Left Ventricular Hypertrophy
LVH was defined either as positive LVH by ECG or echocardiography. LVH by ECG was defined according to the Cornell voltage criteria (sum of R-wave in aVL plus S-wave in V3 >20 mV in women and >28 mV in men). 18 M-mode and 2-dimensional echocardiography was performed with a Sonos 1000 Hewlett-Packard ultrasound device to detect echocardiographic LVH. Digitized images were stored and measured using an off-line analysis system by certified sonographers or cardiologists. Left ventricular mass was calculated according to the American Society of Echocardiography guidelines. 19 Echocardiographic LVH was defined as the ratio of left ventricular mass to height ≥127 g/m in men and ≥100 g/m in women. 19 
Outcomes
The primary outcome was incidence of a major CVD disease event, a composite outcome of cardiovascular death, fatal or nonfatal myocardial infarction, unstable angina (prolonged ischemic episode with documented reversible ST-segment changes), heart failure, and stroke. Medical records were obtained for all hospitalizations and physician visits related to CVD disease during follow-up and were reviewed by an adjudication panel consisting of 3 investigators. Criteria for these CVD events have been described previously.
Statistical Methods
We divided the participants into 4 groups according to their hypertension status (blood pressure ≥140 mm Hg systolic or ≥90 mm Hg diastolic or use of antihypertensive medication) and presence of high vascular stiffness (PWV at or over ageand sex-specific median). Participants with normal blood pressure and lower vascular stiffness were used as reference in all analyses. First, we used Fisher's exact test to compare differences in prevalence of high PWV between categories based on hypertension subtypes. Second, we assessed baseline characteristics in groups by hypertension and PWV status. P for trend across categories was assessed with linear or logistic regression by entering the category as a linear term in the models. Third, we studied the associations between the 4 groups defined above and the presence of LVH using multivariableadjusted logistic regression models, with the nonhypertensive and lower PWV group serving as referent (with which the other groups were compared). Trend in odds ratios was tested by entering the exposure categories as a linear term in the model. Fourth, we assessed the association between the 4 groups and incident CVD events with Kaplan-Meier plots, log-rank testing, and multivariable-adjusted Cox proportional hazard regression models, with the nonhypertensive and lower PWV group serving as referent. Interaction between the exposure categories were tested by entering these variables with interaction terms and P for interaction was obtained. Trend in hazard ratios was tested by entering the exposure categories as a linear term in the model. We assessed proportional hazard assumption using Schoenfeld residuals and found no violation of the proportional hazard assumption. We also performed a subgroup analysis for CVD outcomes in participants with isolated systolic hypertension (systolic blood pressure ≥140 mm Hg and diastolic BP <90 mm Hg irrespective of antihypertensive medication) using high versus low PWV as the exposure variable. All multivariable models were adjusted for age, sex, body mass index, smoking status, diabetes mellitus, heart rate, serum total cholesterol, and high-density lipoprotein cholesterol. A 2-sided value of P<0.05 was considered statistically significant. All analyses were performed with Stata software version 13.1 (StataCorp, College Station, TX).
Results
We studied up to 2127 community-dwelling participants (mean age 60.4 years, 56.6% women). Baseline characteristics in groups according to their PWV and hypertension status are shown in Table 1 .
Risk of CVD Events in Groups by PWV and Hypertension Status
During a median follow-up of 12.6 years, 248 CVD events occurred. The unadjusted Kaplan-Meier curves in Figure 1 illustrate the cumulative incidence of CVD events in groups by PWV and hypertension status. Again, as for LVH, the incidence rates and both unadjusted and adjusted hazards ratios increased across the groups (Table 2, Figure 2 ). Risk of CVD events was not significantly increased in participants who were normotensive and had high PWV (hazard ratio 1.33, 
Presence of LVH in Groups by PWV and Hypertension Status
In a subgroup of 1583 participants who had LVH data available (mean age 60.0AE9.5, 59.8% women), the prevalence of LVH in groups by PWV and hypertension status are reported in Table 3 and Figure 2 . The prevalence rates and both unadjusted and adjusted odds ratios were higher across the groups. LVH rates were not significantly higher in participants who were nonhypertensive and had high PWV (odds ratio 1.20, 95% CI 0.79-1.83). No interaction was found for the effects of PWV and hypertension status on LVH in the multivariable model (P=0.77).
Prevalence of High PWV by Hypertension Subtype
To assess to what extent PWV remains high in treated hypertension (Figure 3 ), we also categorized the participants according to their hypertension status: nonhypertensive (n=1220, blood pressure <140/90 mm Hg without antihypertensive medication), controlled treated hypertension (n=390, blood pressure <140/90 mm Hg with 
Discussion
The results of our study indicate that arterial stiffness was elevated in the majority of treated hypertensives in the community, irrespective of hypertension control. In addition, our results show that there is an increasing stepwise trend for a higher prevalence of LVH and increasing CVD risk in categories cross-classified by hypertension and arterial stiffness status from nonhypertensive with low PWV to nonhypertensive with high PWV, and from hypertension with low PWV to hypertension with high PWV. The results of our study demonstrate that approximately only 10% of uncontrolled treated hypertensives and 40% of controlled hypertensives have lower PWV (as defined by the age-and sex-specific median). Many of the standard modifiable risk factors, such as blood pressure and lipids, can be often normalized within a few weeks with aggressive drug therapies that also improve CVD outcomes. 21, 22 However, normalizing these risk factors does not necessarily per se immediately lead to improved arterial stiffness, as some of the causes underlying arterial stiffening, such as vascular calcification and fracture of elastin fibers within the arterial media, may be irreversible. [23] [24] [25] In addition, whereas agents acting on the renin-angiotensin system and calcium channel blockers are beneficial in reducing Figure 2 . Multivariable model is adjusted for age, sex, body mass index, smoking status, diabetes mellitus, heart rate, total cholesterol, and HDL cholesterol. Left ventricular hypertrophy was defined as presence of Cornell voltage >20 mV in women and >28 mV in men (n=30), the ratio of echocardiographic left ventricular mass to height in the sex-specific top quintile (n=278) or both (n=12). P for difference in prevalence of left ventricular hypertrophy across categories is <0.001 (Fisher's exact test). P value for trend in odds ratios across categories was <0.001 in both models (tested by entering the exposure categories as a linear term in the model). HDL indicates high-density lipoprotein; LVH, left ventricular hypertrophy; OR, odds ratio; PWV, pulse wave velocity.
arterial stiffness, some b-blockers may have the opposite effects while still lowering peripheral blood pressure.
26-28
Although it has not yet been unequivocally shown that normalization of arterial stiffness leads to improved outcomes, one study has suggested that changes in PWV in response to decreases in blood pressure favorably influence outcomes independent of the blood pressure changes. 13 In that investigation, Guerin et al reported in a cohort of 150 patients that with an absence of PWV decrease they had a 2.4-fold higher risk for cardiovascular mortality compared to participants in whom PWV decreased. However, as this was a highly selected sample of dialysis patients with end-stage renal disease, its results may not be generalizable to other populations. Our finding of the high prevalence of increased PWV among treated hypertensives in the community warrants further study because it has been previously shown that patients under antihypertensive medication have a 50% greater residual risk of cardiovascular mortality compared to persons free from hypertension even after adjusting for blood pressure level.
12,29
Difficult-to-treat residual arterial stiffness could, therefore, be a key factor in the adverse CVD prognosis in apparently wellcontrolled hypertension.
Although the presence of LVH and risk of incident CVD was not statistically higher in nonhypertensive participants with high PWV than in nonhypertensive participants with low PWV, the risk trended to increase across the 4 groups by hypertension and PWV status. Another interesting finding of our study is that although the majority of individuals with isolated systolic hypertension expectedly also had high PWV, individuals with isolated systolic hypertension and low PWV had a 3-fold lower risk of CVD events than those with high PWV. Furthermore, hypertension status itself did not modify the relationship between PWV and LVH or CVD outcomes, as evidenced by the statistically nonsignificant interaction terms. Previous meta-analyses have not directly compared the prognostic significance of PWV in hypertensive or nonhypertensive groups, although these studies did test for interaction with between PWV and several other variables. 10, 11 In these studies, the results by population type (general versus clinical) were contradictory as a literature-based meta-analysis by Vlachopoulos et al concluded that the risk ratios for CVD events associated with higher PWV were significantly higher in high-risk than in low-risk populations. However, Ben-Shlomo et al reported in their individual-level data meta-analysis that the increased risk associated with PWV was not modified by population type or antihypertensive medication. 10, 11 Although the results from our and previous studies demonstrate that measurement of arterial stiffness improves CVD risk assessment in most subpopulations, the optimal approach for CVD disease prevention using PWV still remains controversial as it
has not yet been demonstrated that normalization of arterial stiffness, independent of standard CVD risk factors, improves prognosis. The ongoing SPARTE (Strategy for Preventing Cardiovascular and Renal Events Based on ARTErial Stiffness) trial that aims at comparing the efficacy of a therapeutic strategy targeting normalization of arterial stiffness, instead of blood pressure, for reducing CVD and renal events will hopefully finally provide an answer to this key question. 30 Studying the distinctive roles of arterial stiffness and hypertension as predictors of CVD outcomes has certain challenges as PWV represents on one side hypertensive end organ damage and on the other side a cause of hypertension, while both arterial stiffness and hypertension may be elements of a vicious cycle. Despite the strengths of our study, such as a moderate-sized community-based sample with long-term follow-up, our results must be interpreted with caution. First, our study could have benefited from a larger study sample and greater number of CVD events; we were inherently underpowered to demonstrate a statistically increased CVD risk among normotensive participants with a high PWV. It is also conceivable that elevated PWV alone may be necessary but not sufficient to elevate CVD risk, or that not everyone with elevated PWV may develop high blood pressure during the limited period of observation in our study. Second, an enhanced statistical power would have also enabled us assess the CVD prognosis associated with high versus low PWV in individuals with controlled hypertension, which in turn would have allowed us to elucidate whether arterial stiffness is a key factor in contributing to the residual risk in treated hypertension. Third, PWV is only a measure of large-artery stiffness, and does not adequately reflect the universal lifetime panarterial damage sustained due to high blood pressure and other risk factors. Fourth, because our study sample consisted mainly of middle-aged and older white individuals, our results may not be Figure 3 . Proportion of participants with increased pulse wave velocity (over age-and sex-specific median) in groups by hypertension subtype. P≤0.001 for all between-group differences. BP indicates blood pressure; HTN, hypertension; PWV, pulse wave velocity.
generalizable to other age groups or ethnicities. Fifth, as LVH was ascertained %3 years earlier, blood pressure status, PWV status, and LVH status all could have changed in the interval. Sixth, a doctor measured the blood pressure only twice at the clinic and no out-of-office BP measurements were available. Seventh, we could not assess the distinctive effects of various drug classes on arterial stiffness in our cross-sectional study because many of the treated hypertensives in our study were on combination antihypertensive therapy. Furthermore, these analyses would have also been confounded by indication bias as many comorbidities (eg, diabetes mellitus) at the same time affect arterial stiffness and may also guide the selection of antihypertensive therapy.
In conclusion, high PWV is associated with a stepwise trend towards increasing prevalence of LVH cross-sectionally, and greater CVD risk prospectively regardless of hypertension status (nonhypertensive versus hypertensive). These findings may therefore support the use of arterial stiffness measurements in both populations. Furthermore, the high prevalence of increased PWV in both controlled and uncontrolled treated individuals with hypertension observed in our study warrants further research as this residual increased arterial stiffness may explain some of the notable residual CVD risk associated with even well-controlled hypertension.
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